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bstract

Apatite and Portland/apatite composite cements containing steelwork dusts have been prepared using a low temperature hydrothermal method
200◦ C, 48 h). The produced solids were characterized by means of XRD, IR, and SEM-EDX, and the remaining liquid was analyzed by ICP.
he results clearly show the capability of these cements to inertise the heavy metals contained in steelwork dusts, that is Fe, Pb, Mo, Cr, Mn, Ni,
nd Zn. In the case of apatitic cements, Fe, Mg, Cr, Mn, and Pb coming from steel dust replaced Ca in the divalent cation position of the apatite
tructure, while Si and Mo replaced P in tetrahedral position. The average crystal size of the apatite-containing dust is smaller than in pure apatite
ynthesized using the same procedure, which is related to the magnesium content of the dust, since magnesium seems to inhibit the crystal growth.
RD diagrams of composite cements show only peaks corresponding to phases observed in the single cements, and in that no new phases are

ound. However, EDX analysis reveals the introduction of cations coming from Portland cement into the apatite structure. From the results of

ater analysis it could be concluded that the capability of retention is higher in composite matrices than in the pure apatite one. In conclusion,

he obtained data allow stating that the proposed method, the hydrothermal synthesis of steelwork dust containing cement, is a reliable one for
mmobilization of toxic residues containing heavy leachable cations.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Industrial processes usually result in the production of by-
roducts and residues. In the case of stainless steel mills, these
y-products and residues contains toxic metals. Among the vari-
ty of residues produced in stainless steel mills, steel dusts
ontain toxic, leachable heavy metals and have been catalogued
s a dangerous waste.

The use of plasma furnaces for the recycling of stainless
teel-making dust is described by Neuschutz [1] and is mostly
ocumented in patents [2,3]. However, plasma processes are

ostly enough for being usually discarded even in the case of high
ickel concentration. Other recovery methods, mostly consisting
n high temperature oxide reduction have been proposed [4–6].

∗ Corresponding author. Tel.: +34 954489543; fax: +34 954460665.
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site cement

f immobilization is taken as an alternative [7,8], the design of
atrices that prevent the dispersion of toxic heavy metals like Cr,
i, Zn, and Pb among others in the environment is of paramount

mportance for avoiding any environmental risk.
Portland cements and apatite have been described as matrices

o inertise industrial wastes. Portland cement is made by heating
mixture of limestone and clay at 1450 ◦C. After heating, it is
illed and mixed with gypsum (calcium sulphate) which allows

egulate cement setting. Typical composition of a clinker is: 67%
aO, 22% SiO2, 5% Al2O3, 3% Fe2O3, and 3% of other com-
onents. In a clinker, calcium silicates form single crystals into
matrix of calcium aluminates and ferroaluminates. Cement is
hydraulic adhesive, addition of water to the cement produces
paste that sets and hardens. The whole phases react with water

y dissolution–diffusion–precipitation reactions producing the
ifferent hydrated phases. Portland cement admits a percentage
f waste into its composition without affecting its characteris-
ics. Several studies have been published on this subject [9,10],

mailto:mleal@icmse.csic.es
dx.doi.org/10.1016/j.jhazmat.2007.04.091
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been used. Its chemical composition obtained by ICP is showed
in Table 3. The XRD analysis indicates that the steel dust is
a mixture of highly sinterised metal oxides (Fe3O4, Cr2O3,
Mn3O4, ZnO, NiO, MoO3, Pb12O19, CaO, MgO).

Table 1
Composition of the initial mixtures in composite cements

Composition (% weight)

Reference MCPM �-TCP TTCP Portland Dust

MA1 10.23 24.53 65.24 – –
MA2 9.21 22.08 58.72 – 10
MAP1 9.21 22.08 58.72 10 –
00 M.I. Domı́nguez et al. / Journal of H

howing that Portland cement matrix is adequate for Zn, Cu,
d, and Cu stabilization, among other metals. Intermediate
hases in the system CaO-SiO2-Al2O3-metal oxide are formed
hich become stable during clinker formation and/or cement
ydration.

Apatites form a large family of isomorphous minerals with
he general chemical formula Me10(XO4)6Y2, where Me rep-
esents a divalent cation, XO4 a trivalent anionic group and
, a monovalent anion [11,12]. A well-known representative
ember of the apatitic family is calcium phosphate fluoroa-

atite, Ca10(PO4)6F2. One of the main characteristics of the
patite structure is the possibility of substituting all of the ele-
ents, when the substitution implies elements with different

onic charges it is possible to equilibrate the charge balance. For
xample, it is possible to prepare a complete series of oxyapatites
y the substitution pair La3+ + SiO4

4− ↔ Ca2+ + PO4
3− [13].

he minerals obtained through this substitution are designated
s britholites. A clear explanation of the crystallochemistry and
ubstitution possibilities in apatites and britholites can be found
n Boyer et al. [14]. In the case of radioactive elements it has
een possible to find britholites in the natural nuclear reactor of
klo without corrosion or irradiation damage [15].
The main properties of the apatite structure are its ability to

dmit a large number of substitutions, its high chemical stability
n geological medium and towards water corrosion in neutral
o basic pH and its weak and retrograde solubility. Because of
his, apatite has been used in applications like biomaterials [16],
hromatography [17], sensors [18], detoxification of wastes and
ater [19], and for the immobilization of radioactive wastes [20].
Among all of the proposed synthesis methods for obtain-

ng apatite, the hydrothermal treatment is very simple and
conomical. Mixtures of calcium phosphates, with or without
lasticizers, in the presence of water set and harden at room tem-
erature resulting in apatitic cements [21]. Using hydrothermal
eactors, the evolution from the powdery to coherent material
ccurs due to the combined action of physical and chemi-
al phenomena: temperature, pressure, and chemical reactions
etween constituents, the mechanical properties of the obtained
ements depending on the liquid/solid ratio. For example, in
patite cements, the highest mechanical properties are achieved
t L/S ratio between 0.4 and 0.45 cm3/g. In spite of this fact,
he hydrothermal method uses water in excess to allow setting
nd hardening. In order to minimize the effect of this excess of
ater, the initial powder is pressed before its introduction into

he autoclave, producing the particles approaching and the slow
iffusion of water through the pellet. In the hydrothermal pro-
ess all of these reactions occur at temperatures above the liquid
oiling point. For temperatures over 100 ◦C, a part of the water
n the reactor vaporizes, rising the internal pressure. At final
emperature, the equilibrium between liquid and vapor water is
stablished [22].

The immobilization of hazardous heavy metals, stainless
teel-making dusts, in ceramic bodies that meet environmental

egulations might benefit of the ability of apatites to accommo-
ate cations and tetrahedral anions within the solid structure, due
o their physical (mechanical properties) and chemical (high sta-
ility towards water corrosion in neutral to basic pH and weak
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nd retrograde solubility) properties. In this study we prepare
eramic bodies in which the stainless steel-making residues are
mmobilized in apatite and Portland/apatite composite cements
y means of a low temperature hydrothermal method.

. Materials and methods

Apatite and Portland/apatite composite cements were pre-
ared by a hydrothermal method. The composition of the
ifferent prepared samples is shown in Table 1. The apatitic
ement was obtained following the formulation of Mejdoubi and
acout [23]. The reactants, monocalcium phosphate (MCPM,
ROLABO Rectapur, purity = 92%), � tricalcium phosphate
Obtained from Apatite type TCP, PROLABO Rectapur, after
alcination for 3 h at 900 ◦C) and tetracalcium phosphate (TTCP,
EKNIMED), were milled together in a mortar until the particle
ize of the powders was smaller than 50 �m. Two pellets of the
ixture (total weight 1.250 g) were prepared in a 10 mm diam-

ter infrared die at 21 MPa and introduced in a hydrothermal
eactor with 100 ml of de-ionized water. The reactor is heated
n a furnace at 200 ◦C for 48 h. Once the heating schedule is
nished the reactor is allowed to cool down in air to room tem-
erature and the obtained solid is taken away from the reactor
nd oven-dried at 50 ◦C. The addition of water to the mixture of
alcium phosphates results in the formation of hydroxyapatite
HAp) according to reaction (1).

xCa(H2PO4)2 · H2O + (2 − 3x)Ca3(PO4)2

+ (1 + 2x)Ca4(PO4)2O
H2O−→Ca10(PO4)6(OH)2 (1)

his type of formulation, with three components, allows vary-
ng the constituent proportions, which affects the physical and
hemical properties but always obtaining hydroxyapatite.

Composite matrices have been prepared by adding different
uantities of a commercial Portland cement to the calcium phos-
hate mixture used as precursor of apatite cement. Table 2 shows
he chemical composition of the used Portland cement.

Finally, steel dust coming from the stainless steel factory of
CERINOX S.A., placed in Los Barrios (Cádiz, Spain), has
AP2 8.70 20.85 55.45 10 5
AP3 7.68 18.4 48.93 25 –
AP4 5.12 12.27 32.62 50 –
AP5 2.56 6.13 16.31 75 –



M.I. Domı́nguez et al. / Journal of Hazardous Materials 150 (2008) 99–108 101

Table 2
Chemical composition of Portland cement

Elements SiO2 Al2O3 Fe2O3 TiO2 CaO MgO

% weight 20.68 4.78 2.89 0.22 63.17 3.60

Elements SO3 K2O Na2O P2O5 Lost in combustion

% weight 2.75 0.57 0.20 0.13 1.29

Table 3
Chemical composition of the steel dust

Elements SiO2 Al2O3 Fe2O3 MnO CaO MgO Na2O

% weight 6.22 0.62 21.81 5.78 18.95 7.86 0.52
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from calcium present in the steel dust. It has been previously
lements K2O Cr2O3 CuO NiO Mo2O3 PbO ZnO

weight 1.94 13.34 0.31 2.27 6.39 1.14 6.44

. Results and discussion

.1. Apatite cements

By mixing the calcium phosphate components according to
eaction (1), HAp is obtained. Fig. 1 shows the XRD pattern of
he obtained ceramic body (sample MA1), the diffraction lines
f the HAp are dominant and only lines of very low intensity
orresponding to non-reacted TCP and TTCP are detected. As
xpected, needle-like crystals are obtained which are responsible
or the hardness of the synthesized ceramic. A representative
canning Electron Microscopy (SEM) image of the well-formed
exagonal HAp needle-like crystals is shown in Fig. 2.
When adding 10% by weight of stainless steel dusts to the
hree components mixture resulting in HAp crystals, the XRD
attern of the obtained ceramic (MA2) shows, Fig. 3, that the
ain crystalline phase is also HAp but, in addition to this phase,

ig. 1. XRD pattern of the ceramic body obtained after the hydrothermal
reatment for sample MA1. All the diffraction lines corresponds to calcium
ydroxyapatite, Ca5(PO4)3(OH) marked as H in the figure when overlapping
ines corresponding to other crystalline phases, except those marked T (trical-
ium phosphate, Ca3(PO4)2) or P (tetracalcium phosphate, Ca4O(PO4)2).
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F
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ig. 2. SEM image of a representative region of the MA1 ceramic body showing
ormed HAp needle-like crystals of different sizes.

ron-rich crystalline compounds are also observed. Calcium-iron
ydrogenphosphate and magnetite are clearly seen in the XRD
attern of the prepared material. This clearly states that part of
he iron compounds present in the stainless steel dust either does
ot react with the phosphate mixture to give HAp or results in
he formation of different phosphate phases.

The addition of steel dust to the phosphate mixture modifies
he size and morphology of the HAp crystals that are no longer
eedle-like. SEM images of samples containing steel dust show
Ap crystallites smaller than in pure apatite samples, with a
uite different aspect ratio, Fig. 4a. This morphology change
ust be associated to the incorporation of elements different
eported that the incorporation of foreign ions into HAp structure
ffects its crystallinity, morphology, lattice parameters, and sta-
ility [24,25]. For instance, the presence of magnesium impedes

ig. 3. XRD pattern of the ceramic body obtained after the hydrothermal
reatment for sample MA2. All the diffraction lines corresponds to calcium
ydroxyapatite, Ca5(PO4)3(OH) marked as H in the figure when overlapping
ines corresponding to other crystalline phases, except those marked F (calcium-
ron hydrogenphosphate, Ca9FeH(PO4)7) or M (magnetite, FeFe2O4).
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Fig. 4. SEM image of representative regions of the MA2 ceramic body showing:
(
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Table 4
Structural formulas obtained from EDX for several crystals in sample MA2

Ca 7,70 Mg 0,48 Cr 0,07 Fe 0,17 Pb 0,24 (SiO4)0,11(MoO4)4,25(PO4)

1,62(OH) 1,96

Ca 8,70 Mg 0,45 Fe 0,09 Pb 0,21
�

0,55 (SiO4)0,1(MoO4)2,74(PO4)

3,16(OH) 2

Ca 9,81 Mg 0,4 Cr 0,06 Fe 0,09 Pb 0,08 (SiO4)0,1(MoO4)0,44(PO4)

5,47(OH) 1,74

Ca 9,15 Mg 0,28 Cr 0,06 Mn0,06Fe 0,11 Pb 0,22
�

0,12

(SiO4)0,1(MoO4)2,74(PO4) 3,16(OH)2
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a) formed HAp rounded crystals of different sizes, (b) octocalcium phosphate,
nd (c) octahedral powellite crystals.

he crystalline growing, as reported by some authors [41–43]. In
ddition to the hydroxyapatite crystals, the presence of octo-
alcium phosphate (Ca8(PO4)4(HPO4)2.5H2O) and powellite
CaMoO4) have been found by SEM (Fig. 4b and c, respectively)
n sample MA2, although they are not detected by XRD, indicat-
ng the low concentration of these phases in the final material.
tructural formulas have been obtained from EDX analyses and
re included within the figure. Octocalcium phosphate has been

uggested as intermediate phase in apatite formation [26], while
ormation of powellite seems to indicate a reaction between free

o and Ca coming from steel dust, since it cannot be produced

r
T
b

a 9,67 Mg 0,38 Cr 0,06 Mn0,05Fe 0,3 Pb 0,17 0,12

(SiO4)0,1(MoO4)1,14(PO4) 4,74 (OH)2

hen the amount of available calcium, in the form of Ca(OH)2,
s low.

The reaction of the components of steel dust with the calcium
hosphates resulting in the partial substitution of both Ca and
PO4)3− ions by the elements present in the steel dust is stated by
DX chemical analysis of the formed crystals. Table 4 shows the
omposition of some of these crystals. However, EDX analysis
an only be considered as semiquantitative since the presence of
arbon, that should accounts for phosphate substitution by car-
onates, or hydrogen coming from more acidic environments as,
or instance, (HPO4)2− cannot be considered. As both, hydro-
enphosphate and carbonate groups, imply a change in the total
harge of the apatitic framework, this must be compensated by
he presence of either vacancies or modifications in the total
mount of cations entering the calcium hydroxyapatite structure.

The IR spectra of both samples, MA1 and MA2 (Fig. 5a),
resent the characteristic bands of hydroxyapatite [27,28].
ccording to Fowler [29], the bands at 3570 and 634 cm−1

re assigned to the OH stretching and librational modes in the
Ap structure, respectively. A group of weak intensity bands in

he 2200 to 1950 cm−1 region, not shown in the figure, derives
rom overtones and combinations of the ν3 and ν1 PO4 modes.
n the case of highly crystalline hydroxyapatite, bands at 1091
nd the doublet at about 1043 cm−1 were assigned to compo-
ents of the triply degenerate ν3 antisymmetric PO stretching
ode; the 960 cm−1 band was assigned to ν2, the nondegener-

te PO symmetric stretching mode. The bands at 603, 578, and
68 cm−1, were assigned to components of the triply degenerate
4 OPO bending mode [29]. In addition to these bands, the MA1
eramic shows bands at 1142 cm−1 whose ascription is slightly
ontroversial. While Gadaleta et al. [30] attribute this band to
O4 vibrations in an apatitic environment of poorly crystalline
ydroxyapatite, most of the authors associate this band to the
resence of HPO4

2− groups in nonstoichiometric HAp or to the
xistence of calcium phosphate phases more acidic than HAp
s TCP, OCP, DCPD or DCPA [31,32]. The presence of TCP
nd OCP in both MA1 and MA2 ceramics is stated by XRD and
EM-EDX analysis, which supports the ascription of this band

o HPO4
2− vibrational modes.

Upon addition of the steel dust, sample MA2, this general
pectrum is slightly modified. Bands in the 1400–1500 cm−1
egion due to stretching vibrations of carbonate species appear.
hese peaks are indicative of carbonate apatites. Two peaks can
e distinguished in this region at around 1420 and 1464 cm−1
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Fig. 5. (a) FTIR spectra of MA1 and MA2 ceramics; (b) Infrared spectra of
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the OH groups of the HAp structure would be lost to retain
he ν4 OPO bending mode of phosphate groups for MA1 and MA2 ceramics
howing the different components after deconvolution.

hat, in addition to the small peak at 871 cm−1, have to
e ascribed to carbonate ions replacing phosphate groups in
ydroxyapatite [33,34].

The doublet at 1040 cm−1 shifts to higher wavenumbers
eaking at 1062 cm−1. This shift must be associated to the inter-
ction of calcium, silicate, and phosphate groups. This ascription
s consistent with the results obtained by Sahai and Tosell [35]
sing molecular orbital calculations of model clusters. In the
ase of [Si3O6H5CaHPO4(H2O)3]− cluster, the P O stretch-
ng mode shifts to 1060 cm−1 with respect to the doublet at
040 cm−1. This shift, in addition to the band at 924 cm−1,
learly indicates the presence of silicate ions in the apatite net-
ork, since the 924 cm−1 band must be ascribed to the ν3 mode
f silicate anions in britholites. [14].

The relative intensity of the peaks at 567 and 603 cm−1
hanges upon addition of the stainless steel dust in such a way
hat the intensity ratio between the 567 and 603 cm−1 peaks
ecrease upon addition of the stainless steel dust. This must be

c
t
o
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ssociated to a decrease in the crystallinity of the hydroxyapatite
pon addition of the steel dust.

In general, the low site symmetry of the PO4
3− tetrahedron

plits the triply degenerate ν4 OPO bending mode into three
omponents. In synthetic and biological apatites, a broad band
entered between 530 and 540 cm−1 has also been observed
eing assigned to HPO4

2− groups but also to O P O bend
n DCPD [35,36]. The intensity of these peak increases as
rystallinity of apatite decreases while decreasing the peak inten-
ities at 563, 575, and 603 cm−1 [32]. Similarly, the small band
t 615 cm−1 has to be assigned to P O and O P O stretching
nd bending modes of phosphate groups in OCP and/or TCP
aterials [31].
If the IR spectra is deconvoluted in the 450–750 cm−1 region,

ands at 567, 578, 603, 615, 632, and 661 cm−1 and, in the
ase of the MA1 sample, an additional band at 537 cm−1 are
bserved, Fig. 5b. The substitution in the pure apatite matrix
esults in the elimination of the band at 537 cm−1. The increasing
and at 661 cm−1 has to be assigned to H2O librational mode of
icalcium phosphate dihydrate, CaHPO4·2H2O, (brushite) [37]
ndicating the existence of HPO4

2− groups upon addition of
tainless steel dusts.

In addition to this, it is clear that the intensity ratio between
he 603 and 567 cm−1 bands increases on increasing the amount
f calcium and phosphorous substitution which, according to
he early work of Termine and Posner [38], should be associated
o a decrease in the apatite crystallinity.

All the obtained data clearly indicate that substitution of cal-
ium and phosphorous in the apatite network took place upon
he addition of stainless steel dust. Metals coming from steel
ust have entered in the apatite structure, taking the place of
alcium (Mg, Mn, Cr, Fe, Pb) and phosphorous (Si, Mo).

Due to their ionic sizes, it is generally accepted that silicon
ubstitutes for P site, via precipitation methods [39], and exists
s silicate ion, while magnesium ion substitutes for Ca site, by a
issolution–precipitation mechanism [19], and exists as a mag-
esium ion [40]. The amount of magnesium substituting calcium
anges from 0.55 to 0.92% which is in accordance with the lim-
ted substitution reported by other authors always lower than 1%
41]. Kim et al. [44] reported that 1.97 wt% Si may be introduced
n hydroxyapatite structure. However, when co-substitution with

agnesium occurs, Si-substitution into hydroxyapatite structure
as limited to 1.05 wt%. It was evidenced by XRD analysis at
ifferent sintered temperatures. In our case a similar effect is
bserved since for Mg values close to one, only 0.25 wt% of
ilicon is incorporated into the HAp structure, while for values
f magnesium below 0.5 wt%, up to 0.70 wt% of silicon can be
ncorporated into the apatite structure.

There are no available data for heavy metal substitutions, in
his sense only the formation of volatile molybdenum oxides
pecies after ion implantation has been reported, but in reaction
onditions far away from those used in this work [45].

Following the reaction scheme proposed in Eq. (2) some of
harge balance to compensate for the extra negative charge of
he silicate groups [39,46], and hence a reduction on the intensity
f IR bands corresponding to OH groups must be observed. In
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The mixture of crystalline phases observed by XRD and
SEM-EDX is also observed using FTIR, Fig. 9. The IR spectra
show peaks at 3695, 3640, and 3570 cm−1 corresponding to OH
stretching modes assigned to Al–OH stretching in aluminates

Table 5
Fig. 6. XRD patterns of the prepared cements.

ig. 5a is evident a decrease in the relative intensity of the OH
tretching band at 3570 cm−1 as well as in the OH librational
ode at 634 cm−1:

10Ca2+ + (6-x)PO4
3− + xSiO4

4− + (2-x)OH−

→ Ca10(PO4)(6-x)(SiO4)x(OH)(2-x) (2)

.2. Portland/apatite composite cements

The XRD patterns of composite cements are complex show-
ng crystalline phases resulting from the hydrothermal treatment
f the Portland cement together with apatite phases. Tricalcium
ilicate (Ca3SiO5), dicalcium silicate hydrate (Ca2SiO4·nH2O),
affeite (Ca6(Si2O7)(OH)6), portlandite (Ca(OH)2) and brown-

illerite (Ca2(Al,Fe)2O5) are identified in the composite
eramics. In Fig. 6a the XRD of the composite made with the
igher proportion of Portland cement (MAP5) is shown. It is
lear that this diffraction pattern can be interpreted as the lin-

ar combination of the one corresponding to the hydroxyapatite
hase (MA1) and the phases resulting from the hydrothermal
reatment of the Portland cement (MP1). Fig. 6b shows the
DR patterns of the composite cement as a function of the

S

C
C
C

Fig. 7. SEM image of sample MAP1 (hydroxyapatite).

ortland cement added. On increasing the amount of Portland
ement it is clear that the intensity increase of the peaks at
.90 (jaffeite), 2.78 (tricalcium silicate and brownmillerite), 2.74
tricalcium silicate and dicalcium silicate hydrate), and 2.61 Å
jaffeite). The presence of portlandite (not shown in the figure)
s also evidenced by the presence of a peak at 3.11 Å whose
ntensity also increases on increasing the proportion of Port-
and cement. However, the presence of phases resulting from
he interaction of the two different cements cannot be observed.
espite of this, the hydrothermal treatment of these mixture

avors the replacement of calcium and phosphorous by ele-
ents present in the Portland cement. Fig. 7 shows a secondary

lectron image of the MAP1 ceramic showing interlaced hydrox-
apatite needles. The EDX analyses of these needles clearly
tates that some elements coming from Portland cement have
ntered in the structure of the apatite, in calcium (Mg, Al y
e), phosphorus (Si y S), and OH (Cl) positions. The struc-

ural formulas calculated for selected crystals of apatite formed
n sample MAP1 are shown in Table 5. On increasing the
ercentage of Portland cement the morphology of crystallites
hanges, appearing now, in addition to needle-like structures,
latelets and particles without defined morphologies, although
he needle-like particles correspond now to calcium silicates
nstead of corresponding to hydroxyapatite crystals. The chem-
cal composition of the formed silicates affects the growth habit
f the crystals, thus for Ca/Si ratios between 3 and 4 needles
re formed, whereas bricks-like crystal are formed when this
atio ranges between 2 and 3, Fig. 8. In addition to this, crystals
f jaffeite and portlandite are clearly seen within the obtained
eramics.
tructural formulas obtained for MAP1 using EDX analysis

a 9,28 Mg 0,19 Al 0,04
�

0,49 (SiO4)0,14(SO4)0,22(PO4) 5,63(OH) 1,02Cl 0,15

a 9,56 Mg 0,16 Al 0,06 Fe0,16
�

0,03 (SiO4)0,24(SO4)0,29(PO4) 5,46(OH) 1,6Cl 0,10

a 9,82 Mg 0,15 Al 0,06 (SiO4)0,10(SO4)0,23(PO4) 5,68(OH) 2,2Cl 0,02
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47], OH stretch in portlandite [48] and OH stretching modes
n hydroxyapatite [29], respectively. The presence of carbonate
ubstituting phosphate in the apatite structure is evidenced,
s in the case of the apatitic ceramics, by the bands in the
400–1500 cm−1 region and the band at 875 cm−1. Calcium

ilicates, dicalcium (C2S), and tricalcium (C3S), present bands
orresponding to Si O modes at 943 cm−1 for C3S and 875
nd 834 cm−1 for C2S. As discussed above the bands at 1091

Fig. 9. IR spectra of composite ceramics.
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rtlandite, (c) Calcium silicate Ca/Si = 3–4 y d) calcium silicate Ca/Si = 2–3.

nd 1052 cm−1 were assigned to components of the triply
egenerate �3 antisymmetric PO stretching mode; and the one
t 960 cm−1 is assigned to ν2, the nondegenerate PO symmetric
tretching mode of HAp phases. The HAp show bands at 603
nd 568 cm−1 corresponding to the ν4 bending mode of O P O
onds, while the band at 634 cm−1 is ascribed to the librational
H mode in hydroxyapatite. Finally, the ascription of the band

t 1143 cm-1 is again controversial. It could be ascribed either
o HPO4

2− vibrational modes, or to Si O stretching vibration
f Q4 units (SiO4 tetrahedra with 4 bridging oxygens) [49] or
o the ν3 mode of sulphate [48].

On diminishing the relative proportion of the calcium phos-
hates with respect to Portland cement, the band corresponding
o the OH stretching modes of Ca(OH)2 and aluminates increase
heir intensities, while the one at 3570 cm−1 decreases its inten-
ity. This has to be understood as a decrease in the relative
roportion of HAp with respect to the hydrated cement phases
s stated by XRD. At the same time the bands corresponding to
3S and C2S increase on increasing the proportion of Portland,

emaining almost unchanged the rest of the bands. This points to
he assignment of the 1143 cm−1 band to the stretching modes of

O in sulphate groups replacing phosphate in the apatite, since
he degree of substitution remains within the experimental error
or all the samples studied, Table 5. At the same time, as in the

ase of the apatitic cement, the librational OH mode decreases
n increasing the proportion of Portland which clearly suggests
hat silicate ions are replacing phosphate groups according to Eq.
2). Besides this, the relative intensity of the bands at 603 and
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Fig. 10. Top panel: Infrared spectra of the ν4 OPO bending mode of phosphate
groups for MAP ceramics showing the different components after deconvolution.
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(Table 6). As the results show, most of the elements (Mg, Fe,
Mn, Cu, Ni, Pb, and Zn) have been retained by both matrices in
percentages over 96%. Silicon is retained in a bigger percentage
in the matrix containing Portland cement, while aluminium and

Table 6
Percentage of each metal retained by the matrices

Element % retained by apatite % retained by composite (10.5%
Portland, 89.5% apatite)

SiO2 56.62 98.35
Al2O3 74.53 58.67
Fe2O3 100 100
MnO 100 100
CaO 99.41 69.28
MgO 98.91 99.96
Cr2O3 96.5 97.16
CuO 99.48 99.64
NiO 100 99.94
a) MAP1, (b) MAP4, and (c) MAP5; Bottom panel: Evolution of the relative
rea under the band components of the ν4 O P O bending mode of phosphate
roups for MAP ceramics as a function of the theoretical content of HAp ceramic.

68 cm−1 changes monotonically upon the addition of Portland
ement.

In order to understand the modifications of the line shape
bserved upon addition of Portland cement, the IR spectra of
aterials prepared by increasing the proportion of the Port-

and cement were deconvoluted, Fig. 10 (top panel). Except for
he sharp band at 667 cm−1, that only appears upon addition
f the Portland cement, the IR spectra of the obtained mate-

ial in the 450–750 cm−1 region are dominated by the same
ands already observed in the CaHAp spectrum, Fig. 5b. How-
ver, after an appropriate curve fitting analysis of the spectra,
ome clear trends are observed, Fig. 10 (bottom panel). Three

M
P
Z
A

dous Materials 150 (2008) 99–108

roups of bands can be distinguished; the first one includes
ands whose intensity increase on increasing the percentage of
ortland cement added (567, 603, and 667 cm−1); the second
ne in which the intensity decrease on increasing the amount of
ortland cement (578 and 661 cm−1) and the third one which

ncludes the remaining bands, that does not change their inten-
ities as a function of the modification with Portland cement.
hese bands cannot be ascribed to vibrational modes associated
irectly to [SiO4] structural units, but to vibrational modes of
hosphate groups affected by the presence of silicate anions. As
he bands whose intensity increase are associated to more acidic
hosphate species, the possibility of compensating the unbal-
nced charge in the apatite structure by substituting PO4 groups
y SiO4 groups is the protonation of one phosphate group for
very silicate introduced in the apatite network, as schematized
n Eq. (3). This substitution would reduce the stability of the
ydroxyapatite network as previously reported [44].

10Ca2+ + (6-x)PO4
3− + xSiO4

4− + OH− + H2O

→ Ca10(PO4)(6-2x)(HPO4)x(SiO4)x(OH)2 (3)

he addition of a small amount of steel dusts, 5% by weight,
o the composite ceramic does not alter either the XRD or the
R spectra except for the presence of a quite small diffraction
eak corresponding to magnetite. However, the extremely small
ize of the HAp crystals, that prevents any analysis by EDX,
trongly suggests that most of the metallic cations have entered
he hydroxyapatite structure.

.3. Analysis of reaction water

From the steel dust composition (Table 3), the concentration
f each metal in reaction water (assuming that total leaching
ccurs) can be obtained. By comparison with the real leaching
alues (obtained by ICP analysis of the water), the percentage of
ach metal retained by every type of matrix has been calculated
o2O3 59.24 96.7
bO 99.58 99.12
nO 99.99 99.99
verage 90.36 93.23
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alcium are retained in higher quantities into the apatite matrix.
olybdenum is almost totally retained in composite matrices,
hile in apatite its retention is over 60%. This lower retention of
olybdenum into the apatite matrix could be explained by the

resence of powellite crystals (CaMoO4) in the apatite sample
ith steel dust. Powellite is formed by reaction between Ca and
o but, because of absence of enough free calcium, not all the
olybdenum has reacted. Finally, composite cement presents

he biggest average retention, which could indicate a synergic
ffect between apatite and Portland cement.

. Conclusions

Using a hydrothermal method at 200 ◦C, it has been possible
o retain a hazardous waste, with high heavy metals contents,
nto two different types of cement: apatite and composite Port-
and/apatite.

The results showed that:

Pure apatite presents well-formed hexagonal crystals. When
steel dust is added, metals enter in divalent cation position (Fe,
Mg, Cr, Mn, Pb) as well as in trivalent anionic group position
(SiO4, MoO4). This apatite presents a very little grain size
due to the presence of magnesium in steel dust that impedes
the growth of crystal.
In Portland/Apatite composite mixtures, with 10, 25, 50, and
75% of Portland, apatite is formed as XRD analysis confirms.
EDX analysis reveals the introduction of cations coming from
Portland cement into the apatite structure. Apatite crystals
are small because of the presence of magnesium in Portland
cement.
In composite samples containing steel dust, XRD analysis
confirms apatite formation, but again magnesium impedes the
crystal growing.
Reaction water has been analyzed by ICP, showing that metals
are retained in a high percentage into both types of matrices.
The highest retention is achieved with the composite matrix,
which seems to indicate a synergic effect between both materi-
als. Among heavy metals, only molybdenum presents a lower
percentage of retention (60%) in apatite matrix. It could be
due to the lack of free calcium to react with molybdenum. In
this sense, the addition of extra calcium to the initial mixture
could improve molybdenum retention.
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